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Introduction
The principle sources of seawater-derived Ca-Cl brines are dolomitization of limestones at enhanced temperatures (Iannace et al., 2012) , chloritization and albitization of hot oceanic basalts (Schmidt et al., 2007; Tivey, 2007) , serpentinization of ultrabasic material below 100°C of the mid oceanic ridges (Carlou et al., 2002; Batuev et al., 1994 , Kelly et al., 2001 or interaction of mantle material and circulating seawater in the deep trench of the Red Sea (Pierret et al., 2001 ).
Evaporation of weathering solutions in closed basins initiates precipitation of carbonates, gypsum or sepiolite (Hardie and Eugster, 1970) . During this process, three types of saline water develop that are either Na-Mg, Na-Ca or Na-HCO3 dominated. These types of water reflect the heterogeneity of the local bedrocks undergoing weathering (Jones and Deocampo, 2003) .
Ephemeral inflows, springs and diffuse seeps feed playa lakes in intermontane basins. During evaporation mainly gypsum and halite build up mineral crusts. The remaining brines are mostly of Mg-Cl type such as in the salars of the Altiplano, Chile (Lowenstein and Risacher, 2009; Risacher et al., 2003; Boschetti et al., 2007) , Salar de Uyuni, Bolivia (Sieland, 2014) , the intermontane Qaidam Basin, northeastern section of the Plateau of Tibet (Spencer et al., 1990) , the Lakes Amadeus, Tyrell and Eyre, Australia (Jacobson, 1988; Handford, 1982) , the Great Salt Lake (Jones et al., 2009 ) and many other less spectacular ones.
Surface-near Ca-Cl brines seem to be restricted to tectonically active areas, where extreme diagenetic-hydrothermal Ca-Cl brines discharge such as, for example, in the Bristol Dry Lake and the Death Valley, USA (Handford, 1982; Lowenstein and Risacher, 2009) , and in several springs of the salars of the Altiplano (Risacher et al., 2003) , where volcanism and faulting provides the heat source and pathways for ascending brines. In the Dry Valleys of East Antarctica Ca-Cl brines are produced only few m below the surface by either cation exchange reactions along with freezing of soil solution (Matzubaya et al., 1979; Toner and Slettten, 2013) or by ascending low-temperature hydrothermal solutions that interacted with volcanic and/or crystalline rocks at depth (Lyons and Mayewski, 1993) .
Different from sites, where Ca-Cl brines occur near surface, numerous drilling and mining activities proved the presence of Ca-Cl brines in the deep crust, e.g., Death Valley California, USA, (Lowenstein and Risacher 2009 ), Mississippi Salt Dome Basin (Kharaka et al., 1987; , the Canadian Shield Bottomley et al 1999; Stotler et al., 2009) , This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi. org/10.1016/j.chemgeo.2017.04.001 4 the Siberian Platform (Alexeev et al., 2007) and the Bohemian Massif (Paces, 1987; Möller et al., 1997; 2005; Stober and Bucher 2005) .
The Rotliegend brines in the North German Basin (NGB) are known from the Altmark gas field and the Groß-Schönebeck geothermal field (Fig. 1) . The formation of these brines is still under debate (e.g., Gast, 1991; Gebhardt, 1994; Lüders et al., 2010; Regenspurg et al., 2016) 
Geological setting
The NGB covers the southern part of the Permian Basin (SPB) which is aligned broadly NW-SE, extending over a distance of 1700 km from onshore England, the southern North Sea, the Netherlands, and Northern Germany to the eastern border of Poland. It is situated between the Precambrian Baltic Shield in the north and the crystalline blocks of Cadomian, Caledonian, and Variscan age in the south. This basin is the largest depression worldwide (Warren 2008) . The SPB evolved on rigid blocks of crystalline Cadomian and Variscan rocks and is filled with Paleozoic, Mesozoic, and Cenozoic sediments with up to 12 km thickness in its central part (Ziegler, 1977; Glennie, 1983; Ziegler, 1990) . The SPB is characterized by differences in basement structure, sedimentary facies, and burial history. Beginning as a passive margin basin, This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 5 surrounded by stable cratons of Laurentia, Baltica and Gondwana, it evolved into an orogenic foreland basin due to the Variscan orgogeny in the Upper Carboniferous. Basin subsidence was interrupted only by stages of regional tectonic uplift and erosion in connection with Variscan folding, intense Lower Permian volcanism and major basin inversion phases at the Jurassic/Cretaceous boundary and during the Cretaceous.
Local late Upper Carboniferous-Early Permian extrusive acid magmatism was related to deeply penetrating crustal fracturing (Plein, 1978; Benek et al., 1996; Geißler et al., 2008) . In general, the mineralogical composition of rhyolites and dacites is 18-35% quartz, 20-65% alkali feldspars, 3-40% plagioclase, up to 10% clinopyroxenes and rarely orthopyroxenes (Wimmenauer, 1985) . The volcanic rocks of the Groß Schönebeck geothermal field plot in the field of dacites but show a trend line suggesting that magmatic differentiation of an original andesitic/trachy-andesitic melts developed into rhyolitic ones shown by increasing SiO2, and decreasing Na2O, CaO and Fe2O3 (Fig. 2) . The erosion products of the volcanites accumulated in depressions between the volcanoes. This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi. org/10.1016/j.chemgeo.2017.04.001 6 At the beginning of the Permian, the climatic conditions changed from humid to arid and the sedimentation of in the SPB was dominated by continental siliciclastic red beds (Glennie, 1988) . Poorly sorted conglomerates and eolian sediments are common. During the Upper Rotliegend a huge intracontinental playa lake covered areas of the southern North Sea through northern Germany (Gast, 1991) . Lacustrine halite-rich evaporites which were very frequently drilled in wells in the southern part of the German North Sea and the North German Basin deposited under arid to semiarid conditions in this playa environment (Gast, 1991; Gebhardt 1994; Gaupp et al., 2000) . The salty mud flats varied in area and chemical composition by either drying up or being enlarged during wet seasons (Gast, 1988; McCann, 1998) . Abundant eolian depositions flank the southern margin of the SPB and are the most important reservoir units in the SPB gas province (Gaupp et al., 1993) . The marine Zechstein transgression in the Upper Permian led to thick accumulations of carbonates, sulfates and salts representing the typical Zechstein evaporite cycles exceeding more than 2000 m thickness in the basin center.
Subsequent subsidence of the basin is followed by new stages of rifting during the Triassic stage of extension (Brink et al., 1992; Brink, 2005; Van Wees et al., 2000) . First diapirism of Zechstein salt was triggered by the great thickness of overlying Triassic sediments (Ziegler, 1977) . During the Mid-Late Jurassic and Late Cretaceous-Early Tertiary, basin subsidence was interrupted by stages of major uplift (Ziegler, 1990) . Late Cretaceous-Early Tertiary inversion mobilized Zechstein salt and led to the formation of numerous salt structures with local amplitudes of up to 8 km along NNE-SSW and NW-SE striking axis (Mohr et al., 2005) . The local distribution of salt structures seems to play an important role in the evolution of basinal brines by water-rock interaction (Bennett and Hanor, 1987; Bein and Dutton, 1993; Kloppmann et al., 2001; Möller et al., 2008) . After the inversion, major parts of the NGB underwent subsequent subsidence.
Features of Ca-Cl brines from various areas
The Ca-Cl brines dealt with in this contribution and their references are compiled in Table 1 .
Based on densities given in some references, the density as a function of total dissolved solids is derived. This function is used to calculate the missing densities in all the other analyses (App.1). All analyses, collected from references in Table 1 are converted into mmol/kgw. Applying PHREEQC and the Pitzer database (Parkhurst and Appelo, 2010) 
Spider diagrams
The spider diagrams reveal the dominance of Cl-in Ca-Cl brines (Fig.3 (Möller et al 1995) the Canadian Shield Bottomley et al 1999; Stotler et al. 2009 This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 9 al 2007); Death Valley (Lowenstein and Risacher 2009) , Antarctica (Toner and Sletten 2013; Red Sea (Pierret et al 2001) Salars , Chile (Risacher et al 1999) .The vent fluids (Schmidt et al., 2007) 
[Na] vs [Cl] diagram
[Na] vs.
[Cl] diagrams of Ca-Cl brines from different locations either scatter along individual correlation lines or cluster (Fig. 4a) . Most of these brines are unsaturated with respect to halite.
They represent either original unsaturated halite brines or are saturated halite brines that are diluted by saline/fresh water. Only the highest concentrations of Na + and Cl -of the trend lines of RS, NGB, SP and CS achieve halite saturation as shown for seawater evaporation brines (McCaffrey et al., 1987) . 
Correlation of Ca/Cl and Na/Cl
The trends of equivalent values of Na/Cl and Ca/Cl suggest that Ca 2+ in solids is substituted by two Na + from solutions ( beyond Na/Cl=1.1. All samples well above the Na/Cl=1 line indicate additional Ca 2+ , e.g., dissolution of antarcticite (CaCl2.6H2O). Under atmospheric condition or when CO2 is supplied from below, calcite precipitates and thus reduces the Ca 2+ in brines. The Rotliegend brines are based on brines with Na/Cl between 12.0 and 0.8.
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Ca/Mg
Ca/Mg values are highly variable ( (Fig. 8) . Few data from Siberia and Antarctica plot along the dissolution curve of antarcticite. Bristol Dry Lake plots between Ca/Cl of 0.5 and 
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TDE-Na/Cl
When Na + is exchanged against Ca 2+ , the salinity, given as TDS in g/l, decreases. Therefore, it is suggested to use the total dissolved equivalents, TDE, instead of TDS revealing dilution or mixing processes. In (Fritz and Frape, 1982) show dilution by either fresh water or halite-bearing solutions. The samples from Lake Vanda and Pond Don Juan, Antarctica, represent dilution by melting ice-cements in soils. KTB fluid and Read Sea data cluster and thus indicate almost equilibrium with their host rocks. Decreasing TDE at increasing Na/Cl suggests dilution with brines with Na/Cl>1 such as in the Chilean salars and MSDB samples.
MSDB brines scatter and seem to be altered by mixing with brines of variable halite contents.
Brines from the Siberian Platform mixed with brines of Na/Cl of 0.2 or lost water by freezing due to which halite precipitated and Na/Cl decreased. Bristol Dry Lake is altered by mixing with Na/Cl about 1. The salars of the Chilean Altiplano and the Californian Bristol Dry Lake indicate by their trends that the substitution of Ca 2+ against Na + is enhanced by the evaporation of water. (Sofer and Gat, 1972; 1975; Holser, 1979) . For comparison the trends of D vs  18 O in water bodies connected to oceans such as the Baltic and Black Sea experience evaporation with slopes of about 7.2 (Fig. 11a) . Endorheic systems like the Aral Sea, the Okavango Delta and even Lake Nasser, all located in the subtropical climate zone, show slopes between 5.4 and 5.9. These slopes resemble those of the brines from the Siberian Platform suggesting evaporation of continental run-off in probably pre-Pleistocene era.
NGB and MSDB basinal brines show a slope of about 2.4 and 2.0, respectively ( Table 2 ). As known from hydrothermal alteration of sediments and rocks by infiltrating surface water yields slopes of about 2 (Giggenbach, 1992) . The interstitial brines from Miocene/Pleistocene Red Sea sediments (Pierret et al., 2001 ) plot below GMWL with a slope of 0.8.
Slopes of about 3.6 are given by brines from the Dry Valleys, Antarctica, their ice-cement in soils and even one sample from the Siberian Platform. Based on the ice-cement the expected residual brine is estimated to plot left to the GMWL (Fig. 11b) . It seems that the brines mainly represent molten ice-cement dissolving halite and antarcticite. The slopes of >8 are shown by brines from the Canadian Shield (except Miramar), few of the Siberian Platform and the KTB/VB. According to Kloppmann et al. (2002) "exotic stable isotope may be the rule in a restricted depth zone in all crystalline basements with slow groundwater movement but not too high temperatures".
There are three ways to explain these "exotic" stable isotope compositions plotting left to the GMWL:
 Very low water/rock ratios during crystallization of chlorite (Fritz and Frape, 1982) from high-salinity fluids (Graham and Sheppard, 1980; Gat, 1975) and possible formation of methane and H2 by reaction with graphite (Bottinga, 1969; Richet et al., 1977) .
 The combination of seawater evaporation and freezing is discussed by Bottomley et al (1999) and Kloppmann et al. (2002) . The idea behind is that permafrost concentrates This is an early, unrevised version for self archiving. (Bigg and Rohling, 2000; Schmidt 1999 ); 2=Black Sea (Rank et al., 1999) ; 3=Lake Nasser (Aly et al., 1993); 4=Okavango (Dincer et al., 1978) ; 5=Aral Sea (Oberhänsli et al., 2009 This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 (Fig. 11) , and processes involved Saturation achieved for (Fig. 7 Slopes of about 3.6 are given by brines from the Dry Valleys, Antarctica, their ice-cement in soils and even one sample from the Siberian Platform. Based on the ice-cement the expected residual brine is estimated to plot left to the GMWL (Fig. 11b) . It seems that the brines mainly represent molten ice-cement dissolving halite and antarcticite. The slopes of >8 are shown by brines from the Canadian Shield (except Miramar), few of the Siberian Platform and the KTB/VB. According to Kloppmann et al. (2002) "exotic stable isotope may be the rule in a restricted depth zone in all crystalline basements with slow groundwater movement but not too high temperatures".
 The combination of seawater evaporation and freezing is discussed by Bottomley et al (1999) and Kloppmann et al. (2002) . The idea behind is that permafrost concentrates dissolved species in the underlying brine by formation of ice and gas hydrates. Relic seawater might have been present in the sediments.
 Oxygen and hydrogen isotope fractionation of pressurized water passing compacted clay-rich sediments yield exotic D and  18 O values plotting beyond the GMWL (Coplen and Hanshaw. 1973) This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 20
Discussion
Among the igneous minerals plagioclase is unstable at low temperatures in the presence of water and CO2 and is converted to minerals that are more stable under ambient conditions.
There are many reactions such as (3)-(8) but albitization of plagioclase is considered to be the most prominent one in the presence of halite brines. Having this in mind, the activities of Ca 2+ and Na + are correlated in Fig. 12 and the trend lines of brines from each location are displayed.
These trend lines in the anti-logarithmic plot correspond to exponential functions.
Two groups of slopes evolve which have either final exponent b of a Na + of about 2 or below 1.2 (Table 3 ). The corresponding pre-exponential factors a range from 2.7 to 0.1. The alteration reactions (3)- (8) 
The equilibrium constant K of reaction (3) is given by Eq. (9) for quartz as the reactant.
Reactions (4), (5) and (6) yield Ca 2+ without changes in Na + . Reactions (5) and (6) consume Mg 2+ . In the reactions of concurrent albitization and kaolinitization (7) or chloritization (8) K is proportional to a Ca/ a Na. Thus albitization of plagioclase and the concurrent reactions with additional formation of either kaolinite or chlorite seems to explain the two groups of slopes emerging in Fig. 12 .
log(K) = Log( a Ca/ a Na 2 )
This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 (Parkhurst and Appelo, 2010 et al. (1978) and Shock et al. (1988) ; b refers to data from Arnorsson and Stefansson (1999) The values of log(K) in Eq. (9) is estimated by applying the CHNOSZ program (Dick, 2008) using either the thermodynamic data from Helgeson et al. (1978) and Shock et al. (1988) or as defaults those of albite and anorthite modifications from Arnorsson and Stefansson (1999) . The original database yields significant higher values of log(K) than when using the implemented ones (Fig. 13) . The maximal temperature of the brines discussed in this contribution is about 150°C. Under these conditions high-albite does not form. High-temperature anorthite modifications are only reasonable in basalts but not in plutonic or metamorphic rocks due to their slow cooling rates during which the high formations are converted to the low-temperature ones. The combinations of the various thermodynamic data of anorthite and albite yield a wide spread of log(K). The values of a Ca/ a Na and the corresponding temperature range taken from Fig. 12 and Table 2 , respectively, only fit the thermodynamically derived log(K) based on data from Arnorsson and Stefansson (1999) . When plotting the analytical results into Fig. 13 it is assumed that equilibria exist which may be true for the brines with enhanced temperatures but not for the low temperature ones.
In Table 2 the most important parameters of the discussed brines are compiled. There are two groups: those that dominantly are based on albitization of anorthite and those based on combined reactions of anorthite to albite and kaolinite or chlorite. The first group seems to This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 24 depend on precipitation evaporated to brines by reaction of plagioclase under surface conditions like in salars and BDL or after heated during descend like in NGB and MSDB. All these brines are halite and or antarcticite saturated (if not diluted thereafter) and thus their H2O activity is low.
In group 2 all brines are unsaturated with respect to halite and thus the activity of water is high.
Therefore kaolinitization, chloritization and serpentinization occur concurrent with albitization.
Precipitation directly infiltrated (CS-L) or water was abstracted by processes such as low water/rock interaction (KTB; Simon and Hoefs, 1993) , ultrafiltration (Coplen and Hanshaw, 1973) or freezing (Antarctica, Siberian Platform).
Thus these two types of reactions cover the spread of exponents of a Na in Fig. 12 . Uncertainties are probably due to minor concurrent reactions like (7) and (8) (Fig. 11 ).
Ca-Cl brines are formed essentially by either dominant albitization or albitization in concurrence with kaolinitization, chloritization and serpentinization depending on the H2O activity of the system. The playa lakes of the environment of NGB are subjected This is an early, unrevised version for self archiving. Final accepted manuscript: http://dx.doi.org/10.1016/j.chemgeo.2017.04.001 evaporation/dissolution cycle similar to those of the Bristol Dry Lake and Chilean salars but their brine compositions were different. In the Altiplano and in the Bristol Dry Lake the Ca-Cl brines are transported by thermal convection to the surface, where minerals such as antarcticite form by extreme evaporation of water. Dissolution of these mineral crust yield Ca enriched brines at the surface. Contrasting, the NGB halite brines infiltrated and reacted with plagioclase at enhanced temperatures in the sediment pile. The reacting brines are more or less halitesaturated, i.e., the H2O activity is low.
Abstraction of water by mineral reactions under low brine and rock volume ratio played a role in generation of the KTB/VB 4000 m fluid (Simon and Hoefs, 1993) . Most of the brines from the Canadian Shield and few ones of the Siberian Platform are either influenced by permafrost or ultrafiltration.
